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A B S T R A C T
Bioremediation is a soil clean-up technique which exploits the metabolic capacity of microorganisms to degrade
soil contaminants. A model was developed to simulate the ex situ bioremediation of a diesel-contaminated soil in
a bio-slurry reactor inoculated with a diesel-degrading bacterial strain. Mass transfer processes involving des-
orption of diesel from soil to water and volatilization of diesel from water, and biodegradation by the bacterial
inoculant were included in the model by using Weibull sigmoid kinetics and logistic/Monod kinetics respec-
tively. Model parameters were estimated in batch-based abiotic and biodegradation experiments. Sensitivity
analysis revealed the importance of maintaining a high bacterial density in the system for maximum bior-
emediation efficiency. The model was validated using a pilot bioreactor monitored for 528 h, which removed
almost 90% of the diesel present in the system. The results revealed the capacity of the model to predict the
bioremediation efficiency under different scenarios by adapting the input parameters to each system.
1. Introduction
In most industrialized countries, fuel is released into the environ-
ment, particularly to soil, during transportation and storage (Serrano
et al., 2008). For example, many of hundreds of thousands of fuel sta-
tions across Europe have leaky tanks, from which fuel spills into the
subsurface soil and may eventually reach aquifers (Day et al., 2001). As
a result of public concern about this widespread pollution, soil re-
mediation has been the subject of much research in recent years (Gan
et al., 2009; Gkorezis et al., 2016; Khan et al., 2013; Tomei and
Daugulis, 2013).
Bioremediation is considered an “environmentally-friendly” soil
clean-up technology which has a low impact on soil functional prop-
erties, and the environment in general, and uses soil organisms (in-
cluding plants, bacteria, and/or fungi) to degrade soil contaminants
(Pilon-Smits, 2005). Bioremediation has been widely applied to restore
petroleum-hydrocarbon polluted sites, both in situ (Gallego et al., 2001;
Lors et al., 2012; Suja et al., 2014; Szulc et al., 2014) and ex situ
(Chemlal et al., 2013, 2012; Simpanen et al., 2016; Wang et al., 2016).
In situ bioremediation is cheaper and easier to carry out than ex situ
bioremediation and is preferable for ecological restoration (Megharaj
et al., 2011); however, it usually takes longer to achieve acceptable
levels of residual contaminants. Ex situ techniques are usually preferred
when safe, quick and effective remediation need to be applied, as in the
following cases: (a) highly contaminated soils with toxic and/or re-
calcitrant contaminants, in order to prevent contamination of other
environmental compartments and also ecotoxic effects on flora and
fauna (Tomei and Daugulis, 2013); (b) soils with low hydraulic con-
ductivity, low permeability and high organic matter contents; (c) soils
in regions characterised by adverse environmental conditions, which do
not naturally favour bioremediation (e.g. cold regions); and (d) con-
taminated soils that require rapid remediation due to regulation pres-
sures (Robles-González et al., 2008).
Ex situ bioremediation in slurry-phase bioreactors is one of the most
efficient options for the clean-up of organic contaminants. In this
system, contaminated soil is suspended in a nutrient-water solution in
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the presence of indigenous or exogenous bacteria and is mixed thor-
oughly and aerated. These conditions promote significant enhancement
of contaminant degradation and a significant reduction in the re-
mediation time (Nano et al., 2003; Pino-Herrera et al., 2017; Robles-
González et al., 2008; Venkata Mohan et al., 2009) for the following
reasons: (a) the liquid in the slurry facilitates contact between soil
contaminants and the inoculants (through continuous agitation) and
enhances mass transfer phenomena of the contaminants (in gas/liquid
and solid/liquid interfaces), thus increasing contaminant bioavail-
ability; (b) the toxicity of organic pollutants can be reduced by the
addition of water (through a dilution effect) (c) the parameters (e.g.,
pH, temperature and redox conditions); can be more easily controlled
and optimized; and (d) different electron acceptors and solvents or
surfactants can be used to enhance pollutant bioavailability. Slurry
bioremediation generally relies on the stimulation of soil indigenous
communities (i.e., biostimulation) through optimal growth conditions.
The ex situ method also represents a promising opportunity to use
exogenous degrading bacteria with demonstrated metabolic capacities
(i.e., bioaugmentation), while avoiding the concerns about ecological
stress associated with in situ techniques (Mosca Angelucci and Tomei,
2016; Tyagi et al., 2011; Wang et al., 2016). Furthermore, it may be
used as a prior step to determine the bioremediation potential: under
controlled conditions, degradation rates depend mainly on the de-
gradation efficiencies of the microorganisms present (Robles-González
et al., 2008).
Ex situ bioremediation has also some drawbacks such as the need to
excavate the soil and to construct and operate the bioreactor, with the
derived extra costs relative to simple in situ bioremediation techniques.
Nonetheless, slurry bioremediation is often more cost effective and
environmentally friendly than soil incineration, soil washing or thermal
desorption (Castaldi, 2003; Robles-González et al., 2008).
Modelling bio-slurry reactor processes can be useful for designing
and determining the efficiency of bioremediation procedures, and it can
be used to establish the required microbial biomass inputs, the time to
achieve remediation objectives and the influence of soil properties on
remediation efficiency. The efficiency is mainly evaluated on the basis
of the time required to achieve an acceptable concentration of con-
taminants in soil, in which System Dynamics-based models can play an
important role. Several bioremediation models have already been de-
scribed (Borsi and Fasano, 2009; Fernández et al., 2016). These models
generally assume simple first-order desorption kinetics, which may not
accurately predict complex desorption from soils. This process is
usually delayed during the initial stages due to sorption forces exerted
by soils, which follow a sigmoid distribution (Skrdla, 2007). Further-
more, biodegradation is usually only modelled by a Monod function,
which may not accurately predict logistic bacterial growth and sub-
strate utilization in slow desorption and bioavailability-limited systems
such as soil.
The objective of the present research was to formulate a model
based on the System Dynamics technique to simulate the bioremedia-
tion of a diesel-contaminated soil in a bio-slurry reactor system through
bioaugmentation mediated by an inoculant with demonstrated diesel-
degrading capacity. The model integrated mass-transfer processes be-
tween phases (soil, water, air), including sigmoid desorption kinetics
from soil, and degradation by inoculated bacteria following logistic and
Monod kinetics, to evaluate the bioremediation efficiency over time.
The model was validated using the monitoring data from a pilot-scale
bioreactor.
2. Materials and methods
2.1. Description of the bioremediation scenario and model assumptions
The system under study comprised a completely stirred bioreactor
containing a slurry of a diesel-contaminated soil and aqueous nutritive
medium (1:4, w/w), which was inoculated with a diesel-degrading
bacterial strain. Four phases were identified in the system: (a) a diesel-
contaminated solid phase (soil); (b) a non-aqueous phase liquid (NAPL),
corresponding to diesel sorbed and/or retained in soil pores and des-
orbed (but not dissolved) in water; (c) an aqueous phase, corresponding
to water, i.e., the nutritive medium; and (d) a gaseous phase, open to
system surroundings (Fig. 1). The system was completely mixed, and
several mass-transfer and degradation processes taking place in the
slurry were considered: (i) diesel dissolution and desorption from the
solid to liquid phase, striving towards equilibrium; (ii) diesel volatili-
zation to atmospheric surroundings from aqueous phase; and (iii) bio-
degradation of diesel (both in solid and aqueous phases), which will
reduce the hydrocarbon concentration and modify soil-water equili-
brium distribution (Fig. 1).
Several assumptions were made in formulating the model:
- Microbes were considered to be homogeneously distributed
throughout the system, with access to diesel in both solid and
aqueous phases of the slurry. Degradation was not considered to
occur in the air compartment.
- Microbial growth or bacterial density (BD) in the slurry was mod-
elled following the Verhulst logistic Equation (Kargi, 2009) and
assumed constant once asymptotic growth was reached (Equation
(1)):
= + −
dBD
dt
BD k BD BD
BD
· ·(1 )l
max
0 (1)
where BD is the bacterial density in the system (colony forming units
per kg of dry soil, CFU kg−1), BD0 is the initial bacterial density at the
time of inoculation (CFU kg−1), BDmax is the maximum bacterial den-
sity reached under the given system conditions (CFU kg−1), and kl is a
constant parameter from logistic function (h−1).
- Biodegradation of diesel from both the solid and liquid phases was
modelled according to Monod kinetics of substrate uptake (Equation
(2)):
=
+
dC
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K C
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γ
(
·
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s (2)
where C is the substrate (i.e., diesel) concentration in soil or water
(hereafter named, respectively, Cs or Cw, mg kg−1 or mg L−1), μmax is
the maximum specific growth rate (h−1), Ks is the saturation or half-
rate constant (mg kg−1 or mg L−1), and γ is the growth yield coefficient
(CFU mg−1 of substrate). BD was included as in Equation (1).
- Diesel desorption from soil to aqueous phase followed a sigmoid
distribution over time, in which the concentration of diesel in water
followed the Weibull function (Skrdla, 2007) (Equation (3)):
= −
−( )C C e· 1w wmax k t( · )wb n (3)
Fig. 1. Scheme of the system phases and the processes involved.
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where Cw is the concentration of diesel in the aqueous phase (either
dissolved or as dispersed NAPL phase) (mg L−1), Cwmax is the maximum
concentration of diesel in the aqueous phase (mg L−1), and kwb and n
are the kinetic parameters obtained from Weibull fitting.
- Volatilization was only considered to occur in the aqueous phase
(i.e., from desorbed or dissolved diesel), as volatilization from soil
was hindered by sorption forces and water solvation. Volatilization
followed first-order kinetics (Equation (4)):
= −
dC
dt
k C f· ·v vol w (4)
where Cv is the concentration of volatilized diesel (mg kg−1), kvol is the
first-order kinetic constant of volatilization of diesel from the aqueous
phase (h−1) and f is the constant mass ratio between water and dry soil
(L kg−1).
2.2. Model formulation
The total variation in the diesel concentration in the system can be
expressed as the sum of the variations in diesel concentrations of each
phase considered (Equation (5)):
= + +
dC
dt
f dC
dt
dC
dt
dC
dt
w s v
(5)
where C is the total concentration of diesel in the system (mg kg−1),
and Cs is the concentration of diesel in soil (either sorbed or as free
NAPL trapped in pores) (mg kg−1).
On the basis of the System Dynamics methodology, we identified the
variables as (a) stocks or levels, i.e., variables in which positive or ne-
gative accumulation takes place; (b) flows, i.e., variables that induce a
variation in a stock value with time, (c) and auxiliary, i.e., variables that
enable the calculation of other variables.
According to our assumptions and to the fact that the fraction of
diesel volatilized is very small compared to solid or aqueous phases,
two principal stocks were considered: diesel in the aqueous phase
(which will include both dissolved diesel and non-dissolved free NAPL
phase) and diesel in the soil phase (which will include both sorbed
diesel and free NAPL phase occluded in pores).
The variation in diesel concentration in the aqueous phase (Cw)
corresponds to the sum of mass transfer flows between phases (deso-
rption and volatilization) and biodegradation by the inoculated bac-
terial strain. The concentration in the liquid phase will increase due to
desorption from the soil phase and decrease due to volatilization and
biodegradation. These processes will stimulate desorption, which will
tend to equilibrate with soil (Equation (6)):
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where the first term corresponds to desorption flow (equation (3) time
derivative), the second term to volatilization flow and the third term to
biodegradation flow; and μmaxw is the maximum specific growth rate in
water (h−1), Ksw is the saturation or half-rate constant of bacteria co-
lonizing the aqueous phase (mg L−1), and γw is the growth yield coef-
ficient of bacteria colonizing the aqueous phase (CFU mg−1 of diesel).
Cwmax is not a constant parameter in biodegradation experiments, as the
concentration of diesel in soil and water is continuously changing due
to biodegradation. Cwmax was therefore calculated as a function of soil
diesel concentration (Cs) by using the partition coefficient of diesel
between soil and water determined in desorption abiotic experiments
(kd; dimensionless) (Equation (7)).
=k C f
C
·
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The decrease in diesel concentration in the soil phase (Cs) was due
to desorption and biodegradation flows (Equation (8)):
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where load corresponds to the initial concentration of diesel in soil (mg
kg−1), the second term corresponds to desorption flow (equation (3)
time derivative), and the third term corresponds to biodegradation
flow; μmaxs is the maximum specific growth rate in soil (h−1), Kss is the
saturation or half-rate constant of bacteria colonizing the solid phase
(mg kg−1), and γs is the growth yield coefficient of bacteria colonizing
the solid phase (CFU mg−1 of diesel).
A biodegradation model for diesel in a bioreactor system was de-
veloped using Vensim® software (Ventana Systems, Inc.) based on the
previous assumptions and equations. This software, based on System
Dynamics technique, allows continuous simulation of the system over
time. Fig. 2 shows the stock-and-flow diagram, used as the basis for
constructing the model with the software. The stocks (represented by a
square) were soil (Cs) and aqueous (Cw) diesel concentrations, and the
bacterial density in the slurry (BD); and the flows (represented by
double arrows) were desorption, biodegradation from soil and water,
volatilization from water, and microbial growth. Equation (1) (for mi-
crobial density stock), 6 (for diesel in water stock) and 8 (for diesel in
soil stock) were included in the model, and the parameters (auxiliary
variables connected with simple arrows to stocks and/or flows) were
Fig. 2. Stock-and-flow diagram of the model constructed using Vensim software.
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estimated using laboratory-scale batch experiments (described in sec-
tion 2.4). In order to unify the model units, the unit used for both stocks
(soil and water) in the model was mg of diesel per kg of dry soil.
Therefore, parameter f described in the equations was already in-
trinsically included in Cw and not directly included in the model as an
auxiliary variable.
2.3. Soil sample preparation
A sample of the A horizon of a Cambic Umbrisol (IUSS Working
Group WRB, 2014) collected in the surroundings of Santiago de Com-
postela (Galicia, NW Spain) was used for batch and bioreactor experi-
ments. The sample was air-dried, sieved through a 2mm mesh and kept
in plastic containers at room temperature until use. This sample pre-
sented a variable charge, a sandy loam texture, an organic carbon
content of 42.6 g kg−1, low pH (4.9) and low cation exchange capacity
(2.0 cmol(+) kg−1), which was dominated by aluminium (standard
methods for soil analyses following Pansu and Gautheyrou, 2006)).
The soil sample was sterilized (autoclaved 3 times −121 °C, 15 psi,
20 min-, with 24 h intervals) and artificially contaminated with 1.5%
(w/w) of diesel purchased in a local fuel station; the diesel was filter-
sterilized (PTFE 0.22 μm filter; Millipore). Soil was kept in closed glass
recipients and stabilised at 4 °C for 1 week before the experiments were
established.
2.4. Batch experiments for parameter estimation
Laboratory-scale batch experiments (both abiotic and inoculated)
were used to estimate the model parameters, as described in section 2.2:
the desorption (kd, kwb, n) and volatilization (kvol) parameters were
estimated in abiotic experiments; and the parameters of diesel biode-
gradation from soil (μmaxs, Kss, γs, BDmax and kl) were estimated in in-
oculated experiments. Only the parameters for biodegradation from
water (μmaxw, Ksw and γw) were obtained from previous diesel biode-
gradation experiments in liquid media (Balseiro-Romero et al., 2017).
The parameters were obtained by fitting the experimental data to the
corresponding equations by using Origin® software (OriginLab Corp.).
For abiotic experiments (without bacterial inoculation), a slurry of
2 g of contaminated soil and 8mL of Bushnell Haas modified mineral
medium (BH2) was prepared, under sterile conditions, in 25mL-Pyrex
centrifuge tubes (n= 3). BH2 medium contained (per L): 1.3 g K2HPO4,
1.0 g KH2PO4, 0.8 g NH4Cl, 0.8 g NaNO3, 0.01 g FeSO4·7H2O, and 0.4 g
MgSO4·7H2O (Bushnell and Haas, 1941). For biodegradation experi-
ments (with bacterial inoculation), a slurry of 2 g of contaminated soil
and 8mL of BH2 mineral medium comprising 10% (v/v) of bacterial
inoculum was established (n=5) under sterile conditions. The in-
oculum used was a diesel-degrading bacterial strain (Acinetobacter cal-
coaceticus GK2; NCBI GenBank accession GCA_001510805.1) isolated
from the rhizosphere of hybrid poplar (Populus deltoides x (trichocarpa x
deltoides) cv. Grimminge) growing on a diesel-contaminated soil in
Genk (Belgium) (Gkorezis, 2014). This strain was selected due to its
high degrading capacity in vitro: 80–90% of diesel range organics pre-
sent in the liquid media were degraded after incubation for 10 days
(Balseiro-Romero et al., 2017). Prior to being added to tubes, the in-
oculum was adjusted to an optical density ca. 1 at 590 nm, corre-
sponding approximately to an initial density of cells in the slurry of
2.96·109 colony forming units -CFU- per kg of dry soil or 7.4·108 CFU
per L.
In both experiments, tubes were incubated at 30 °C and agitated at
150 rpm, and 3 or 5 replicates (depending on the experiment) were
removed after 1, 2, 4, 6, 8, 11, 13 and 15 days to monitor the deso-
rption, volatilization and biodegradation processes.
2.5. Bacterial density in batch biodegradation experiments
In batch biodegradation experiments, an aliquot of soil slurry was
used to determine bacterial densities at each monitoring time (n=5).
Aliquots of 100 μL of serial ten-fold dilutions were plated in 1:10 di-
luted 869 agar medium. After incubation of the plates for 7 days at
28 °C, the CFUs were counted and extrapolated to per kg of dry soil or L
of water in the slurry.
2.6. Model validation in a pilot-scale system
The bioremediation model was validated at pilot-scale using the
monitoring data from a 2 L sterile, closed glass bioreactor enclosed in a
thermal jacket (Fig. 3). The operational conditions are summarized in
Table 1. The bio-slurry reactor was constantly agitated using a stirrer
with two flat impellers placed at two different heights to favour com-
plete homogenization of the slurry. The stirring velocity chosen pre-
vented the soil suspension from precipitating. The soil slurry was aer-
ated using a small compressor and a porcelain porous sparger placed on
the base of the reactor, which also favoured the suspension of soil
particles. The temperature was maintained at 30 ± 2 °C using a con-
tinuous flow of hot water (from a water bath) through the reactor
thermal jacket. Before the experiment was established, the reactor and
the lid were autoclaved, and the rest of materials used were sterilized
under UV light for 1 h.
The bioreactor was filled under sterile conditions with a soil bio-
slurry comprising 250 g of sterile diesel-contaminated soil and 1 L of
BH2 nutritive medium, containing 10% (v/v) of the same degrading
inoculum as used in batch experiments. The reactor tank was herme-
tically closed and the air entering the reactor was sterilized by passage
through a 0.45 μm sterile syringe filter (Millipore) to prevent external
microbial contamination (Fig. 3). The bioremediation efficiency was
monitored for 22 days (528 h). Every 24 h, two aliquots of the slurry
(5mL) were sampled through the Teflon sampling tube with the aid of a
20mL glass-syringe. A 1mL-aliquot was also sampled to determine the
Fig. 3. Pilot-scale bio-slurry reactor used in the experiments.
Table 1
Design and operational details of the pilot bio-slurry phase reactor.
Operational parameters Value
Total cycle period 528 h (22 days)
Aeration air flow of 50 L h−1
Stirring velocity 350 rpm
Total volume 2 L
Operating volume 1.2 L
Operating temperature 30 ± 2 °C
Slurry ratio (Soil/Water) 1:4 (250 g of soil + 1L of BH2 medium)
Initial concentration of inoculum 10% (v/v), pure culture at OD590nm=1
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exact amount of dry soil contained in the slurry at each monitoring
time. Before and after sampling, the tube was hermetically closed to
prevent external contamination of the reactor environment. The loss of
slurry due to sampling was considered in subsequent calculations.
2.7. Determination of concentrations of diesel in soil and water fractions of
the slurry
At each monitoring time in the batch and bioreactor experiments,
the slurry sample was centrifuged at 2700 rpm for 10min, and the soil
and liquid phases were separated for differential extraction of diesel. In
both cases, diesel fuel concentration was determined on the basis of a
surrogate fraction including 14 representative n-alkanes, i.e., alkanes
from 10 to 25 carbons, C10-C25, usually termed diesel range organics
(DRO).
The total concentration of DRO in soil (dry basis) was estimated by
extraction with hexane in an accelerated solvent extractor (ASE,
Dionex) at 100 °C and 14MPa, for 5min and 2 extraction cycles, based
on previous results (Balseiro-Romero and Monterroso, 2018) and fol-
lowing US Environmental Protection Agency guidelines (US EPA,
2007). The liquid phase was ultrasonically extracted with hexane (1:1,
sample/hexane) for 1 h (Balseiro-Romero and Monterroso, 2018). Trace
water in hexane extracts was eliminated with anhydrous sodium sul-
phate.
The concentration of diesel in the extracts was determined by gas
chromatography (Model 450 GC, Agilent Technologies) coupled to mass
spectrometry (GC/MS) (Model 220 MS, Agilent Technologies).
Calibration of DRO was carried out with a standard mixture of C10-C25
n-alkanes (DRO mix, Dr. Ehrenstorfer). Several concentrations of the
calibration standards were prepared in hexane: 0.1, 0.25, 0.5, 0.75, 1.0,
2.5, 5, 7.5 and 10mg L−1. Chromatographic separations were per-
formed in a FactorFour VF-5ms EZ-Guard capillary column
(30m×0.25mm x 0.25 μm; Agilent Technologies) operated with the
following oven temperature program: 40 °C (held for 10min) to 300 °C,
at 10 °C min−1. The injector was operated with a temperature ramp
from 60 °C to 300 °C (held for 35min), at a rate of 200 °C min−1, and
samples were injected in split/splitless mode (Balseiro-Romero and
Monterroso, 2018).
3. Results and discussion
3.1. Estimation of model parameters
The model parameters required to formulate the diesel bior-
emediation model for slurry bioreactors are specified in Table 2. This
table includes the numerical values and the estimation methods for
each of the parameters included in the model (Fig. 2).
The parameters of microbial growth in the soil slurry were esti-
mated by adjusting the experimental data to the Verhulst logistic
equation (Equation (1)), reaching 2.75·1010 CFU kg−1 of dry soil (i.e.,
the maximum bacterial density, BDmax), which is one order of magni-
tude higher than the initial bacterial density (BD0) (Table 2).
The parameters used to simulate diesel biodegradation in soil and
water were estimated in batch-based experiments and from previous
data (Balseiro-Romero et al., 2017), by adjusting experimental data to
the Monod equation (Equation (2)). Biodegradation kinetic parameters
(μmax=0.001 h−1 in water and 0.06 h−1 in soil; and Ks=55.8mg L−1
in water and 1123.2 mg kg−1in soil) (Table 2) were within the same
order of magnitude of those reported in the literature. Fernández et al.
(2016) estimated μmax values for diesel biodegradation of between
0.0031 and 0.0146 h−1 in a closed batch reactor containing a soil
slurry. Dahalan et al. (2014) reported a μmax of 0.039 h−1 for the
biodegradation of diesel in a contaminated soil. Most studies use the
same biodegradation parameters for both biodegradation of diesel in
soil and water phases of the slurry, but the experimental data show that
degradation did not occur at the same rate in these phases. In
inoculated systems, the biodegradation potential was higher in the
aqueous phase than in the solid phase, as the contaminants were less
bioavailable in soil due to retention (Afzal et al., 2011). For example,
the model predictions showed 10% degradation of diesel in soil and
70% degradation of diesel in water after 360 h of simulation (data not
shown). This was also reflected by the difference between growth yield
coefficients (γ) in the water and soil phases: 1.58·107 CFUs of the bac-
terial strain were needed to degrade one mg of DRO from the liquid
phase, while an amount one order of magnitude higher (7.67·108 CFU)
was needed to degrade one mg of DRO in soil (Table 2).
The parameters used to simulate the desorption of diesel from soil to
water desorption were estimated in the same batch experiments, but
under abiotic conditions (no bacterial inoculant was added), by ad-
justing the experimental data to a Weibull sigmoid curve (Equation
(3)). In this abiotic experiment, the equilibrium between soil and
aqueous phases was reached in approximately 192 h, with a con-
centration of diesel in water of 88.6mg L−1 (data not shown and not
directly used in the model).
3.2. Long-term analysis of the model sensitivity
The sensitivity of the model to selected process parameters was
evaluated in long-term simulations with Vensim software (i.e., 1600 h,
approximately 67 days). In order to test the sensitivity of the model to
the initial diesel concentration in soil (load) (Fig. 4a), three con-
tamination scenarios were considered (maintaining the other para-
meters as specified in Table 2): i.e., 1.5% (w/w) (corresponding to
2001.31mg DRO kg−1), which is the concentration used in the ex-
periments; and two different concentrations, 0.5% and 2.5% (w/w)
(corresponding respectively to 667.10 and 3335.52mg DRO kg−1).
Model predictions indicated that, regardless of the initial con-
centration, the initial phase of diesel elimination was characterised by a
high degradation rate, which then gradually slowed down over time
(Fig. 4a). As expected, the higher the initial concentration, the more
time was needed to reduce the diesel concentration in the system: i.e.
elimination of 50% of diesel in the system was reached in 16–17, 22-23
or 27–28 days, considering respectively 0.5, 1.5 or 2.5% (w/w) of diesel
as the initial concentration in the soil.
The influence of the maximum bacterial density (BDmax) on diesel
elimination was also evaluated (Fig. 4b) using the value determined
experimentally in batch biodegradation experiments
(2.75·1010 CFU kg−1), and two higher values, i.e., 5.50·1010 CFU kg−1
(twice the experimental value) and 2.75·1011 CFU kg−1 (one order of
magnitude higher). This analysis reflected that microbial density has a
highly significant influence on bioremediation efficiency, as the in-
crease in this variable caused a dramatic decrease in the time necessary
to eliminate diesel from the system: if the bacterial density was twice
the experimental value, the required time to achieve 50% of diesel
degradation would be reduced by 200 h, while if the bacterial density
was increased by one order of magnitude, the degradation would be
reduced by ca. 400 h. On the basis of these results, the microbial density
appears to be the key parameter that should be controlled in order to
ensure an acceptable level of biodegradation efficiency in real bio-
slurry reactor applications. The density should be kept as high as pos-
sible in the system, by periodical inoculations and maintenance of
oxygen and nutrient concentrations under non-limiting conditions.
It should also be noted that this model was developed for a parti-
cular soil (A horizon of an Umbrisol with sandy loam texture), with a
specific level of diesel contamination (1.5% w/w) and for a specific
bacterial inoculant. However, it could easily be adapted for other sce-
narios (types of soil or other degrading inoculants, either a sole bac-
terial strain or consortium) by calculating the corresponding model
parameters.
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3.3. Model validation at pilot-scale using a bio-slurry reactor and causal
tracing
The model developed was validated with the monitoring data from
a pilot bio-slurry reactor. Fig. 5 represents the biodegradation kinetics
as the decrease in the total concentration of diesel in the system (cor-
responding to the sum of Cs + Cw of DRO, in mg kg−1), including ex-
perimental data (points) and model predictions (line). The model was
simulated using the equations described and the parameters estimated
from laboratory-scale batch experiments (Table 2), except BDmax, which
was adjusted to 1.85·1011 CFU kg−1 to converge with experimental
predictions. The maximum amount of microbial density reached in the
system was probably higher in the pilot bioreactor than in batch ex-
periments due to the favourable conditions for microbial growth (i.e.,
continuous aeration, higher operational volume and longer incubation
time).
Fig. 5 shows that the model predictions accurately fit the monitored
data from the pilot bioreactor. Pearson linear correlations between
experimental data and model predictions of total diesel concentration
were established. The data were fitted using a linear model, with a
significant Pearson coefficient of r= 0.97 and slope of 0.99
(error= 0.06), reflecting the similarity between experimental data and
model predictions. Diesel was essentially removed from the system after
528 h (> 90% of DRO), which reflects the high degradation efficiency
of the bacterial inoculant. Furthermore, the high degradation rate in-
dicated that the configuration and operational parameters of the bior-
eactor were favourable for diesel elimination and that the system could
be scaled up to design an industrial-scale bioreactor. High efficiencies
of hydrocarbon biodegradation in the same bio-slurry reactor config-
uration have also been reported by other authors. Venkata Mohan et al.
(2009) reported that 90% of pyrene was degraded after 120 h in a bio-
slurry reactor using a wastewater sludge as a degrading inoculant. Alavi
et al. (2014) found a degradation efficiency of more than 90% of total
petroleum hydrocarbons (TPH) present in an oil-contaminated soil after
21 days, using a reactor in bio-slurry configuration containing bacterial
communities isolated from different abandoned drilling pits. Maddela
et al. (2016) eliminated more than 85% of TPH after 30 days of in-
cubation of a soil slurry contaminated with crude oil at laboratory-
scale, using a mixed culture of hydrocarbon-degrading bacteria and
fungi.
3.4. Comparative contribution of flows to diesel elimination and model
causal tracing
The simulated concentrations of diesel in soil (Cs) and water (Cw)
phases in the pilot bio-slurry reactor are presented in Fig. 6, as well as
the flows contributing to diesel accumulation and/or elimination from
both stocks, and the causal tracing diagrams for each stock. The vola-
tilization flow was not included in Fig. 6b as the contribution to the
water phase stock was insignificant (the maximum value reached for
volatilization flow was only 0.001mg L−1 h−1).
The concentration of diesel in soil stock presented an initial value
(load) from which it decreased driven by desorption and biodegradation
flows (Fig. 6a). The decrease in the soil diesel concentration was slower
at the beginning of the simulation, when desorption and biodegradation
flows were low. During this initial phase (following the sigmoid pat-
tern), desorption was limited due to the sorption forces exerted by soil.
They induced an activation energy barrier that affected the rate of
contaminant dispersion and dissolution (Skrdla, 2007). Furthermore,
the initial slow bacterial growth would limit degradation during the
first few hours and may also have slowed down the biodegradation.
After this initial step, the concentration of diesel in the soil decreased
faster due to the increase in desorption and, especially, biodegradation
flows. The flows decreased with the diesel concentration, thus slowing
down the elimination of diesel until reaching a value close to zero. The
desorption flow made a smaller contribution to the decrease in soil
diesel concentration, probably due to the strong retention exerted by
soil, which was also reflected in the low concentration of diesel in water
(Fig. 6b). However, this flow may be underestimated: diesel desorption
from soil was simulated using the parameters calculated from abiotic
experiments, but the microorganisms in biotic systems will probably
enhance hydrocarbon desorption. Biological degradation of organic
contaminants is always limited by the low bioavailability of these, due
to the low aqueous solubility, high hydrophobicity and strong sorption
to soil (Bezza and Nkhalambayausi Chirwa, 2016). Soil microorganisms
may excrete biosurfactants, which can alter soil sorption forces, in-
creasing the desorption, solubility and therefore the bioavailability of
organic contaminants (Xia et al., 2014). The increase in desorption
caused by microorganisms (biodesorption) may favour the biode-
gradation of the contaminants in the slurry system, both by bacteria
colonizing soil and aqueous phases, and, therefore, modify the relative
Table 2
Values and estimation methods of parameters used for model resolution with Vensim software.
Process Parameter Valuea Estimation method
Artificial contamination load 2001.31 mg DRO kg−1 Determined in soil at t= 0 by ASE extraction and GC/MS analysis
Microbial growth Initial bacterial density (BD0) 2.96·109 CFU kg−1 Determined from batch degradation experiments by CFU counting
Maximum bacterial density (BDmax) 2.75·1010 CFU kg−1 Verhulst logistic adjustments of biomass growth kinetics observed
in CFU counting (Equation (1))
Logistic function constant (kl) 0.045 h−1 As BDmax (Equation (1))
Biodegradation from water Maximum specific growth rate in water
(μmaxw)
0.001 h−1 Estimated from previous biodegradation experiments in BH2
liquid media (Balseiro-Romero et al. 2017) (Equation (2))
Half-rate constant of bacteria in water
(Ksw)
55.8 mg L−1 (223.48mg kg−1) As μmaxw (Equation (2))
Growth yield coefficient of bacteria in
water (γw)
1.58·107 CFUmg DRO−1 As μmaxw (Equation (2))
Biodegradation from soil Maximum specific growth rate of bacteria
in soil (μmaxs)
0.06 h−1 Estimated from batch biodegradation experiments (Equation (2))
Half-rate constant of bacteria in soil (Kss) 1123.2 mg kg−1 As μmaxs (Equation (2))
Growth yield coefficient of bacteria in soil
(γs)
7.67·108 CFUmg DRO−1 As μmaxs (Equation (2))
Desorption from soil to water Soil-water partition coefficient (kd) 2.8 (dimensionless) Estimated from batch abiotic experiments (Equation (7))
Weibull function parameter (kwb) 0.007 h−1 Weibull sigmoid adjustment of desorption kinetics in batch abiotic
experiments (Equation (3))
Weibull function parameter (n) 7.4 (dimensionless) As kwb (Equation (3))
Volatilization First-order kinetic constant of
volatilization from aqueous phase (kvol)
5·10−5 h−1 First-order kinetics adjustment of volatilization in batch abiotic
experiments (Equation (4))
a For parameter estimation, we used the sum of the concentrations of the diesel range alkanes (from 10 to 25 carbons, i.e. DRO). Units of model parameters are
expressed in mg of DRO per kg of dry soil or L of aqueous phase.
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contributions of desorption and biodegradation flows to eliminating
diesel from soil. This indicates that to be correctly simulated in complex
bioremediation models, the effect of microbes on contaminant deso-
rption and biodegradation flows should be further studied through la-
boratory-scale experiments. It is therefore also essential to prevent
overestimation of biodegradation rates and unrealistic simulations.
The concentration of diesel in the aqueous stock increased, being
driven by desorption flow until a maximum value (ca. 19mg L−1), after
which it decreased dramatically (Fig. 6b). In the first step, the con-
centration of diesel in the aqueous stock increased because inflows
(desorption) were higher than outflows (degradation and volatiliza-
tion). The concentration in water decreased when the opposite oc-
curred, and the small amount of diesel that was desorbed was rapidly
degraded, thus impeding the accumulation in the stock. In the aqueous
stock, biodegradation flow was relatively more intense (two orders of
magnitude higher) than in soil, in which the diesel concentration was
three orders of magnitude higher than biodegradation flow. This again
reflected that biodegradation was preferably occurring in the aqueous
phase, as the contaminants were more readily bioavailable than in soil
(Semple et al., 2003). This was also observed in previous diesel de-
gradation experiments in aqueous media, in which the same bacterial
inoculant degraded ca. 90% of DRO present in the medium after in-
cubation for 10 days (Balseiro-Romero et al., 2017).
4. Conclusions
An ex situ soil bioremediation strategy in a bio-slurry reactor system
was modelled for specific soil conditions and model assumptions.
Sensitivity analysis reflected the significance of the bacterial density in
the reactor on biodegradation kinetics and the importance of main-
taining this parameter as high as possible to reduce the bioremediation
time. The model was validated using a pilot-scale bioreactor, in
Fig. 4. Sensitivity analysis of long-term model simulations (from 0 to 1600 h) of total diesel concentration in the slurry bioreactor (corresponding to the sum of
Cs + Cw of diesel range organics, DRO, in mg kg−1), modifying (a) the initial diesel concentration in the soil (load) and (b) the maximum bacterial density (BDmax)
reached in the system.
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which>90% elimination of diesel range organics was achieved after
528 h. This indicates that the proposed bioreactor configuration and the
operational parameters were favourable for diesel elimination and that
the proposed system could be scaled up to design an industrial-scale
bioreactor. The model was developed for a specific soil, diesel con-
centration and bacterial inoculant. However, adjustment of the corre-
sponding parameters would enable the model to be adapted to other
scenarios, including not only soils with different properties, but also
sediments and sewage sludge, as well as different inoculation treat-
ments, such as indigenous, exogenous and mixed bacterial populations.
Further research is required to validate the model in a longer-term
scenario and to ensure maintenance of a high bacterial density
throughout the process; however, the model could serve as a basis for
developing further models suited to a variety of soil systems, as well as
Fig. 5. Variation in total diesel concentration in the slurry bioreactor (corresponding to the sum of Cs + Cw of diesel range organics, DRO, in mg kg−1) over time.
Dots correspond to experimental data and the line represents model predictions up to 528 h. Experimental data are represented as the mean ± standard deviation.
Fig. 6. Model simulations for soil and aqueous phases (including stock concentrations and flows involved) and causal tracing diagrams for the concentration of diesel
in (a) soil (Cs) and (b) water (Cw).
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for optimizing and developing in situ bioremediation procedures.
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